Introduction
Conventional opioids that act at the µ receptor, including morphine, hydromorphone, and fentanyl, are the standard of care for the management of moderate to severe acute
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Singla et al postoperative pain; [1] [2] [3] [4] [5] however, opioid-related adverse events (ORAEs), including gastrointestinal (GI) effects, respiratory effects, and sedation, are common and may impede effective patient care. [6] [7] [8] [9] [10] Nausea and vomiting, while not life-threatening, are a major cause of distress to patients. 9, [11] [12] [13] Signs of respiratory depression may be observed in up to 26 .9% of patients being managed for acute postoperative pain. 7, 8 Finally, ORAEs may increase length of stay, rehospitalization rates, and cost of care. [14] [15] [16] [17] [18] To prevent ORAEs, opioid dosing may be purposely limited, leading to suboptimal pain management. 19, 20 Undertreated acute postoperative pain has been associated with the development of chronic postoperative pain [21] [22] [23] and long-term opioid use. 24 Thus, improved management of acute postoperative pain may reduce the risk of transformation of acute pain into chronic pain. In current practice guidelines, multimodal approaches that combine analgesics with different mechanisms, including regimens of opioids, non-opioids, and various adjuvant analgesics, are recommended to manage postoperative pain and limit ORAEs. 25 However, even with multimodal approaches, ORAEs remain a critical clinical issue. 19, 26, 27 The therapeutic windows of conventional opioids -the separation of doses that produce desired therapeutic effects and doses that produce adverse effects -are derived in part from their receptor pharmacology. [28] [29] [30] [31] At the cellular level, conventional opioids bind to µ receptors and non-selectively activate two intracellular signaling pathways: the G-protein pathway, associated with analgesia, and the β-arrestin pathway, associated with ORAEs and feedback inhibition of G-protein-mediated analgesia. [32] [33] [34] [35] [36] [37] This dual pathway mechanism of action may explain why, in many cases, the occurrence of adverse events (AEs) limits the analgesic effectiveness of conventional opioids. The therapeutic window of some conventional opioids may also be affected by their complex metabolic pathways, which result in the accumulation of active metabolites. [38] [39] [40] Thus, an unmet need exists for a predictable and powerful analgesic with improved safety and tolerability compared with currently available therapies.
Oliceridine (TRV130) is a novel µ-receptor G-protein pathway selective (µ-GPS) modulator that activates G-protein signaling while causing low β-arrestin recruitment to the µ receptor. In accord with its low β-arrestin recruitment, oliceridine differs from morphine in its impact on receptor phosphorylation and internalization. 41, 42 Also, unlike morphine, oliceridine has no known active metabolites. In studies of healthy volunteers, oliceridine demonstrated equal or greater analgesia with less reduction in respiratory drive and less severe nausea than morphine. 43 Recently, the results of an adaptive design, randomized, double-blind, placebo-, and active-controlled Phase II study of oliceridine in patients experiencing moderate to severe acute pain following bunionectomy were reported. 44 Bolus doses of intravenous oliceridine that produced statistically significant reductions in pain intensity compared with morphine did so with acceptable safety and tolerability. 44 Oliceridine is an investigational agent that has not been approved by the US Food and Drug Administration. In this study, we present findings from a Phase IIb study conducted to assess the efficacy, safety, and tolerability of oliceridine compared with morphine and placebo, each administered via patient-controlled analgesia (PCA), in patients with moderate to severe pain following abdominoplasty.
Methods
Study design
This was a randomized, double-blind, two-part Phase IIb study in patients with moderate to severe acute postoperative pain following abdominoplasty (NCT02335294). The primary objective was to evaluate the analgesic efficacy of intravenous oliceridine compared with placebo administered "as-needed" via PCA. Secondary objectives were to evaluate the analgesic efficacy of as-needed oliceridine compared with as-needed morphine (as an active control) via PCA and to evaluate the safety and tolerability of oliceridine compared with morphine and placebo.
The study was conducted at a single center in the US (Lotus Clinical Research, Pasadena, CA, USA). The study protocol was approved by an Institutional Review Board (Aspire IRB; http://aspire-irb.com) and complied with the International Conference on Harmonisation Guidance for Industry and the Declaration of Helsinki. 45, 46 All the participants provided written informed consent.
Patients
At screening, males or females aged 18-65 years who planned to undergo abdominoplasty without any additional collateral procedures were enrolled. At that time, patients were excluded if they were classified as P3 or worse on the American Society of Anesthesiologists Physical Status Classification System, had clinically significant medical conditions or a history of such conditions, or had previously participated in an oliceridine clinical study. In the immediate postoperative period, patients were eligible to enroll if they had recovered from the intraoperative anesthetic and analgesic regimen to a degree to which they were considered by investigators to be sufficiently lucid to complete the required 
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Phase IIb study of oliceridine for acute postoperative pain questionnaires. They were also required to have a score of ≥5 on an 11-point numeric pain rating scale (NPRS) and moderate or severe pain on a 4-point categorical rating scale (with categories of none, mild, moderate, or severe) within 4 hours after the end of surgery. Patients who had undergone prolonged surgeries (>2.5 hours) or surgeries that deviated from surgical or anesthetic protocols and those who had surgical or postsurgical complications were excluded from the study. Patients were required to meet all of these preoperative (screening) and postoperative inclusion and exclusion criteria to be eligible for the study and receive study medication.
The general anesthetic regimen was standardized to reduce variability and consisted of fentanyl and propofol, with or without volatile anesthetics or muscle relaxants. Opioids other than fentanyl were prohibited; at least 20 minutes must have elapsed between the final dose of fentanyl (either intraoperative or postoperative) and the initiation of study medication. Other prohibited medications included intraoperative or postoperative steroids, nonsteroidal antiinflammatory drugs, intravenous acetaminophen, regional or neuraxial anesthesia, long-acting local anesthetics, and prophylactic anti-emetics.
Study procedures
This exploratory study was divided into two stages, separated by an interim analysis. Since oliceridine had not been administered by PCA previously, the interim analysis was incorporated to adjust the oliceridine PCA regimen if required. No predefined stopping rules were established for futility or for efficacy at the interim analysis. Self-administration of study medication via PCA was used to optimize the treatment for each patient, reflecting the as-needed dosing most commonly used with postoperative analgesics. All treatment regimens were blinded and volume-matched and consisted of intravenous loading doses and patient-controlled demand doses with a 6-minute lockout interval after any demand dose. In the first stage of the study, the clinician was given the option to up-titrate the demand dose in a blinded fashion, but this option was eliminated at the interim analysis because it was rarely used and added operational complexity to the study.
In each part of the study, eligible patients were randomized to postoperative regimens of intravenous oliceridine, morphine, or volume-matched placebo, in a 2:2:1 ratio, beginning when postoperative pain became moderate or severe in intensity, as defined by a score of ≥5 on an 11-point NPRS and by report of moderate or severe pain on a 4-point categorical rating scale (with categories of none, mild, moderate, or severe) within 4 hours after the end of surgery. As-needed study treatment was administered in a double-blind manner and continued for 24 hours after initial dosing. In the first part of the study (stage I), the oliceridine regimen consisted of two 0.75 mg loading doses separated by 10 minutes, followed by 0.10 mg demand doses (oliceridine regimen A). In the second part of the study (stage II), following the interim analysis, the oliceridine demand dose was increased from 0.10 to 0.35 mg (oliceridine regimen B). The morphine treatment regimen consisted of two 2 mg loading doses separated by 10 minutes followed by 1 mg demand doses in both stage I and stage II.
Oral rescue analgesics were available as necessary (and their use recorded) for patients whose pain was not adequately treated with study medication. Inadequate pain control was defined as a score ≥4 on the NPRS. First-line rescue medication was ibuprofen (400 mg orally every 6 hours as needed); second-line rescue medication was oxycodone (5 mg orally every 2 hours as needed). Patients whose pain was not adequately controlled with study and rescue analgesic medication were discontinued from the study.
Measures
Pain intensity was measured using the NPRS at baseline, and at 5, 10, 15, 30, and 45 minutes; at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 16, 18, 20, and 24 hours following the first dose of study medication; prior to any rescue analgesic use; and prior to early discontinuation. The NPRS is an 11-point scale from 0 to 10, with higher scores indicating greater pain intensity. A categorical, 5-point pain relief scale ("none," "a little," "some," "a lot," and "complete") was assessed at the same time points, excluding baseline. Efficacy was also assessed utilizing the two-stopwatch technique: patients were given two running stopwatches at the initiation of study medication and instructed to stop the first when they felt perceptible pain relief and the second when they experienced meaningful pain relief. Use of the stopwatches was discontinued in patients who did not achieve perceptible or meaningful pain relief within 6 hours.
Safety assessments included spontaneous AE reporting, vital sign measurements, physical examinations, electrocardiography, and clinical laboratory assessments conducted throughout the pre-surgery, surgery, immediate post-surgery, and randomized treatment periods. Other prespecified assessments evaluated opioid-related safety and tolerability, including spontaneous reports of well-recognized ORAEs. Upper GI effects (vomiting and nausea) and respiratory effects (hypoxia, bradypnea, decreased respiratory effort, or hypoventilation) were also captured. 
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Efficacy endpoints
The primary endpoint was the model-based, time-weighted average change in NPRS over 24 hours (TWA NPRS 0-24) versus placebo. This endpoint was calculated as the area under the 0-24 hour pain intensity curve divided by 24 hours, minus the baseline pain intensity. Secondary endpoints included: change from baseline in TWA NPRS over different time intervals; pain intensity difference (PID) at each scheduled time point and the sum of PID (SPID); pain intensity score at each scheduled time point; categorical assessments of pain relief at scheduled time points; time to first meaningful pain relief; proportion of patients using rescue analgesics; and total number of doses of rescue analgesics used over 0-24 hours.
Treatment-emergent adverse events (TEAEs)
Safety was assessed by monitoring for TEAEs throughout the study. The Medical Dictionary for Regulatory Activities (Version 17) was used to classify all AEs with respect to system organ class and preferred term. The prevalence of the following pre-specified ORAEs was also assessed: nausea, vomiting, and respiratory effects (including clinically apparent and persistent hypoventilation, respiratory depression, or hypoxia).
Study population and statistical analyses
Efficacy was assessed in the modified intention-to-treat population, which was defined as all randomized subjects who met entry criteria, received any study medication, and had at least one post-baseline NPRS score. The safety and tolerability analysis population consisted of all patients who received study medication.
A last observation carried forward approach was used to impute missing NPRS data from the time of study treatment discontinuation (because of lack of efficacy) or from the time of first use of rescue analgesic (for those who used rescue analgesic). Analysis of continuous efficacy variables employed an analysis of covariance model with treatment as the experimental factor and baseline pain intensity as a covariate. Stopwatch times used the Kaplan-Meier method and log-rank P-values. Categorical pain relief comparisons used the Cochran-Mantel-Haenszel (CMH) test. For categorical endpoints, the number and percentage of patients were reported for each category of response and statistical comparisons utilized a CMH test. Data for the morphine and placebo groups were similar across the two stages of the study (Supplementary materials) and were combined for analysis. No alpha adjustment was made because no plans were established to stop the study based on efficacy at the interim analysis.
TEAEs occurring in ≥10% of any treatment group were summarized descriptively. Post hoc statistical analyses were performed for the above-described pre-specified ORAEs to compare their prevalence between oliceridine and morphine treatment groups.
Results
Patient disposition, demographics, and baseline characteristics
Overall, 200 patients were enrolled in the study; 39, 39, 83, and 39 patients were treated with oliceridine regimen A, oliceridine regimen B, morphine, and placebo, respectively ( Figure S1 ). Of these, 186 (93%) completed the study. Following treatment initiation, 14 patients were discontinued early from the study: nine patients were discontinued for lack of therapeutic effect, including two patients each in the oliceridine regimen A, morphine, and placebo groups and three patients in the oliceridine regimen B group; and five patients were discontinued for AEs, including one patient with a respiratory AE in the oliceridine regimen A group, two patients with respiratory AEs in the morphine group, one patient with a respiratory AE and sedation in the morphine group, and one patient with an abnormal T-wave on electrocardiogram in the morphine group.
Demographics and baseline characteristics were similar among treatment groups (Table 1) . Patients were aged 19-62 years, with a mean of 38.2 years, and were predominantly female (n=198; 99%). Mean weight and body mass index were 71.2 kg and 26.7 kg/m 2 , respectively. Mean baseline NPRS intensity was 7.7. The mean cumulative doses of oliceridine over the 24-hour study period were 7.6 and 14.8 mg for regimens A and B, respectively; the mean cumulative dose of morphine was 26.4 mg.
Efficacy
For the primary endpoint analysis, oliceridine regimens A and B produced statistically significant reductions in pain (TWA NPRS 0-24 hours), relative to placebo, of 2.3 points (P=0.0001) and 2.1 points (P=0.0005), respectively ( Figure 1 ). The efficacy of the oliceridine regimens was similar to that of morphine, which reduced pain by 2. To depict single-dose efficacy, the reduction in pain was evaluated at 5 minutes following the second loading dose (Figure 2 ). Changes in TWA NPRS at 5 minutes were -1.0 and -1.1 for oliceridine regimens A and B, respectively, compared with -0.5 for morphine and -0.2 for placebo (P=0.0016, 0.0004, and 0.135 for oliceridine regimen A, oliceridine regimen B, and morphine, respectively, versus placebo). Median time to meaningful pain relief was 1.1 and 0.3 hours for oliceridine regimens A and B, respectively, compared with 1.0 and 1.8 hours for morphine and placebo, respectively ( Figure 3 ).
Rescue analgesic use was similar for all active treatment groups. The proportion of patients using rescue analgesics was 31% with oliceridine regimen A, 21% with oliceridine regimen B, and 25% with morphine, compared with 64% with placebo (P<0.0005 for all three active treatment groups versus placebo). For patients using rescue analgesics, the mean number of rescue doses was 1.7, 1.6, 1.7, and 2.2, in the oliceridine regimen A, oliceridine regimen B, morphine, and placebo groups, respectively.
Safety and tolerability
Compared with morphine, oliceridine was generally welltolerated. TEAEs associated with oliceridine were largely opioid-related in nature; the most frequently reported events were nausea, vomiting, and headache (Table 2) .One serious AE (anemia) was reported in a patient in the morphine group.
In post hoc analyses of pre-specified ORAEs, statistically significant differences were observed in the tolerability of oliceridine versus morphine. Lower percentages of patients treated with oliceridine experienced nausea (41% and 46% with oliceridine regimens A and B; 72% with morphine; P<0.01, for oliceridine regimens A and B versus morphine) and vomiting (15% with both oliceridine regimens; 42% with morphine; P<0.01, for oliceridine regimens A and B versus morphine). A lower percentage of patients receiving oliceridine also experienced respiratory effects (15% and 31% with oliceridine regimens A and B, respectively) than patients receiving morphine (53%; P<0.05, for oliceridine regimens A and B versus morphine).
No clinically significant changes from baseline were reported in vital signs, physical examination findings, or hematology or chemistry parameters. Clinically significant 
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Discussion
The dual signaling profile of conventional opioids (activating both G protein and β-arrestin signaling [32] [33] [34] ) is associated with analgesia but also with AEs that greatly restrict their clinical utility. The most important and prevalent of these AEs are nausea, vomiting, and respiratory effects. AEs associated with conventional opioids frequently have a substantial impact on the treatment of postoperative pain, with potential adverse effects on patient safety, pain control, hospital length of stay, rehospitalization rates, and overall cost of care. 11, 12, [14] [15] [16] [17] [18] 20 With conventional opioids, clinicians often face the challenge of finding the optimal balance between pain control and ORAEs, an exercise that can be particularly relevant in high-risk patients (eg, patients with chronic obstructive pulmonary disease, obesity, renal impairment, sleep apnea, or advanced age 4, 47, 48 ). A novel therapy with opioid-like efficacy and improved safety and tolerability would therefore satisfy an important unmet medical need.
The results of this Phase IIb study demonstrated that oliceridine produced rapid and meaningful relief of moderate to severe acute pain and was generally well tolerated. This study was the first in the oliceridine development program to deliver study medication on an as-needed basis and via PCA device. Earlier studies of oliceridine investigated efficacy, safety, and tolerability using fixed-dose designs to assess the dose-response and duration of effect of oliceridine. 44 The flexible dosing of study medication utilized in this trial reflects the as-needed dosing most commonly used with postoperative analgesics in the real-world setting. Inherent to this design, each patient determined their individual balance of benefit-risk, weighing such factors as baseline pain intensity, on-treatment pain intensity, and any experienced side effects, making their experience in this study clinically relevant. 44 The results of this study demonstrated that when patients self-titrated to adequate analgesic levels, a favorable AE profile was observed with oliceridine. In addition to use of flexible dosing of study medication, the evaluation of oliceridine against the active comparator morphine is a strength of the clinical trial design and enhances the evaluation of efficacy as well as safety. Finally, the study design was also noteworthy for its use of the abdominoplasty pain model: a predictable, low variability model of pain due to soft-tissue surgery or injury. [49] [50] [51] [52] Efficacy analyses demonstrated that oliceridine treatment produced statistically significant analgesia compared with placebo over the 24-hour treatment period. Notably, pain relief was rapid, with statistically significant differences compared with placebo at 5 minutes following the first loading dose. Analgesia with oliceridine was similar to morphine over 24 hours, and analgesia occurred more rapidly with oliceridine, with greater reductions from baseline in TWA NPRS at both the 5-and 30-minute time points. The results of this study are consistent with results from the recent randomized, placebo-and active-controlled Phase II [7] 3 (8%) [3] 16 (41%) [17] 6 (15%) [6] 18 (46%) [18] 6 (15%) [6] 6 (15%) [6] 4 (10%) [4] 2 (5%) [2] 14 (17%) [14] 7 (8%) [7] 10 (12%) [ 
10] Vascular disorders
Hypotension Phlebitis 1 (3%) [1] 4 (10%) [4] 6 (15%) [6] 0 3 (8%) [3] 2 (5%) [2] 7 (8%) [7] 1 (1%) [2] Respiratory, thoracic, and mediastinal disorders Hypoventilation 4 (10%) [5] 4 (10%) [4] 12 (31%) [12] 34 (41%) [34] Respiratory depression 0 (0) 
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Singla et al study in patients with acute pain following bunionectomy. 44 In the earlier study, oliceridine 3 mg demonstrated superior efficacy to morphine, with average reduction in NPRS of 6 points from a baseline score of 7 points following the first dose of study medication. Similar to the current study, pain relief was rapid: 2-and 3-mg doses of oliceridine produced greater categorical pain relief than morphine (P<0.005) following the first dose, with meaningful pain relief occurring in less than 5 minutes.
In this study, oliceridine demonstrated a favorable safety and tolerability profile, with no reports of serious AEs. Statistically significant differences in the prevalence of nausea, vomiting, and respiratory effects were seen between the oliceridine and morphine groups, with a lower prevalence in patients treated with either oliceridine regimen than in those treated with morphine. These results will need to be confirmed in additional well-controlled trials.
The differentiated performance characteristics of oliceridine may be a consequence of biased ligand pharmacology. As a µ-GPS, oliceridine activates the µ receptor in a differential manner, with a preference toward the G-protein pathway (associated with analgesia) over the β-arrestin pathway (associated with ORAEs and inhibition of G-protein-mediated analgesia). Additionally, unlike morphine, oliceridine has no known active metabolites; the latter property may allow for more predictable performance, in terms of analgesic efficacy and dose-related ORAEs, that is directly linked to the plasma concentration of the parent compound.
This study had some notable limitations. First, this study was performed at a single center. Additional multicenter studies to confirm these findings are warranted and are ongoing. Second, all but two of the study participants were female, which is not unexpected for the abdominoplasty surgical model. However, it is noteworthy that in the Phase II bunionectomy study, 44 which enrolled a higher proportion of males, no statistically significant sex effect or sex-bytreatment interaction was seen. In addition, a preliminary analysis of the Phase I and II pharmacokinetics data showed no clinically relevant differences in oliceridine exposure due to sex. The results with oliceridine, although promising, are preliminary and will need to be confirmed.
In conclusion, oliceridine is a novel µ-GPS with differential receptor signaling compared with conventional opioids. In this study, oliceridine produced analgesia similar to morphine with an improved safety and tolerability profile. These results suggest that oliceridine, by activating G-protein-mediated analgesia and mitigating β-arrestin-mediated ORAEs, may have a wider therapeutic window and offer effective, rapid analgesia with fewer ORAEs. If confirmed, its use may allow for increased flexibility in dosing for analgesia, particularly in high-risk patient populations. The promising findings from this study (conducted in a predictable, low variability model of pain due to soft-tissue surgery or injury) and in a previous Phase II bunionectomy study (hard tissue model) demonstrate the potential of intravenous oliceridine in the management of postoperative pain that warrants further testing in Phase III clinical trials.
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Supplementary materials
In stage I, 19 and 42 patients were treated with placebo and the morphine regimen, respectively. In stage II, 20 and 41 patients were treated with placebo and the morphine regimen, respectively. Analyses were performed to test whether there were statistically significant differences in efficacy (time-weighted average change in numeric pain rating scale over 24 hours from baseline) between stage I and stage II in each treatment group.
In comparisons over 0-4, 0-8, 0-12, and 0-24 hours, no statistically significant differences were seen in the placebo treatment groups between stage I and II (Figure S2A-D) . Similarly, over 0-4, 0-8, 0-12, and 0-24 hours, the difference in the morphine treatment groups between stage I and II did not reach statistical significance (Figure S2A-D) . Because of the similarity in efficacy demonstrated in each treatment group between stage I and II, the respective groups were combined for the primary efficacy and safety analyses to provide greater sample size and more robust evaluation versus oliceridine.
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